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Laboratory StudiesLaboratory Studies

•• Produce aerosols in the laboratoryProduce aerosols in the laboratory
Relevant inorganic and organic speciesRelevant inorganic and organic species

•• Subject aerosols to appropriate conditionsSubject aerosols to appropriate conditions
e.g., temperature, pressure, and humiditye.g., temperature, pressure, and humidity

•• Use spectroscopy to study aerosol propertiesUse spectroscopy to study aerosol properties
ChemicalChemical

PhysicalPhysical

OpticalOptical



Aerosol ProductionAerosol Production

•• Aerosol source characteristicsAerosol source characteristics

Composition controlComposition control

Size controlSize control

Throughput controlThroughput control

StabilityStability

•• Many types of aerosol sources exist to Many types of aerosol sources exist to 
suit the needs of almost any laboratory suit the needs of almost any laboratory 
experimentexperiment



Aerosol ProductionAerosol Production

•• Mechanical sourcesMechanical sources
Vibrating orifice aerosol Vibrating orifice aerosol 
generators (generators (VOAG’sVOAG’s))

NebulizersNebulizers

BubblersBubblers

Brush generatorsBrush generators



Aerosol ProductionAerosol Production

•• Nucleation sourcesNucleation sources

HeterogeneousHeterogeneous
•• Condensation of vapor on preexisting particlesCondensation of vapor on preexisting particles

HomogeneousHomogeneous
•• Primary sourcePrimary source

Cooling of supersaturated vaporsCooling of supersaturated vapors

•• SecondarySecondary
Chemical reactionsChemical reactions
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Aerosol ConditioningAerosol Conditioning

•• Conditioning after aerosol productionConditioning after aerosol production

(De)humidification(De)humidification

Temperature processingTemperature processing

Chemical processingChemical processing
•• Internally mixed aerosolsInternally mixed aerosols

•• Coated or stratified aerosolsCoated or stratified aerosols



Aerosol InstrumentsAerosol Instruments

•• Single particle Single particle 
trapstraps

Particle analysis Particle analysis 
through through Mie Mie 
scatteringscattering

102



Aerosol InstrumentsAerosol Instruments

•• Aerosol chambersAerosol chambers

Settling Settling 
experimentsexperiments

Crystallization Crystallization 
experimentsexperiments

100



Aerosol InstrumentsAerosol Instruments

•• Aerosol flow cellsAerosol flow cells

MultiMulti--purposepurpose
•• Flowing or staticFlowing or static

•• KineticsKinetics

•• Settling studiesSettling studies
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Aerosol SpectroscopyAerosol Spectroscopy

•• Com m on link…Com m on link…

•• … interaction of electromagnetic … interaction of electromagnetic 
radiation with matter!radiation with matter!

•• SpectroscopySpectroscopy

IRIR

UVUV--VisVis

MicrowaveMicrowave



Aerosol SpectroscopyAerosol Spectroscopy
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Aerosol SpectroscopyAerosol Spectroscopy

•• The previous spectrum is what you The previous spectrum is what you 
might expect from a classic thinmight expect from a classic thin--film film 
experimentexperiment

Extinction Extinction ≈≈ AbsorptionAbsorption

•• What happens in the case where the What happens in the case where the 
particle size is comparable to the particle size is comparable to the 
wavelength of light passing through it?wavelength of light passing through it?

Extinction = Absorption + ScatteringExtinction = Absorption + Scattering



Aerosol SpectroscopyAerosol Spectroscopy

•• Different scattering conditions exist for Different scattering conditions exist for 
different particle sizesdifferent particle sizes

•• Size parameterSize parameter

Dπ
α

λ
=



Aerosol SpectroscopyAerosol Spectroscopy

•• αα << 3<< 3
Rayleigh Rayleigh scatteringscattering
•• “Uniform” electromagnetic field“Uniform” electromagnetic field

•• αα ≈≈ 33
Mie Mie scatteringscattering
•• Electromagnetic field is not uniform over the entire Electromagnetic field is not uniform over the entire 
particleparticle

•• Most atmospheric particles fall in this regimeMost atmospheric particles fall in this regime

•• αα >> 3>> 3
Geometric scatteringGeometric scattering
•• Classical opticsClassical optics



Aerosol SpectroscopyAerosol Spectroscopy
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Aerosol SpectroscopyAerosol Spectroscopy

•• Aerosol extinction spectra can be Aerosol extinction spectra can be 
predicted from predicted from Mie Mie scattering theoryscattering theory

Spherical particlesSpherical particles

Particle size informationParticle size information

Refractive indices for all relevant materialsRefractive indices for all relevant materials

See texts by See texts by Bohren Bohren and Huffman (1983), and Huffman (1983), 
KerkerKerker(1969), and van de (1969), and van de Hulst Hulst (1957) for (1957) for 
detailsdetails



Aerosol SpectroscopyAerosol Spectroscopy

•• Given an extinction spectrum and a set Given an extinction spectrum and a set 
of refractive indices, one can determineof refractive indices, one can determine

Particle sizeParticle size

Particle compositionParticle composition

Particle phaseParticle phase

•• Assuming the availability of good Assuming the availability of good 
spectra, characterization depends on spectra, characterization depends on 
the availability of good refractive indicesthe availability of good refractive indices



Refractive IndicesRefractive Indices

N n ik= +
•• Real index Real index nn governs scatteringgoverns scattering

•• Imaginary index Imaginary index kk governs absorptiongoverns absorption

•• Scarce data on refractive indices for most Scarce data on refractive indices for most 
materials relevant to atmospheric studiesmaterials relevant to atmospheric studies

Not too bad for stratospheric materialsNot too bad for stratospheric materials

Virtually nonVirtually non--existent for existent for tropospheric tropospheric materialsmaterials



Refractive IndicesRefractive Indices

•• If the lack of refractive index data sets is If the lack of refractive index data sets is 
the problem, what is the solution?the problem, what is the solution?

•• Measure them!Measure them!

•• Several techniques are availableSeveral techniques are available

ThinThin--film spectroscopyfilm spectroscopy
•• Near incidence reflectionNear incidence reflection

•• TransmissionTransmission

Aerosol extinction spectroscopyAerosol extinction spectroscopy



Refractive IndicesRefractive Indices

ν α ν

ν

ν



Refractive IndicesRefractive Indices
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Refractive IndicesRefractive Indices
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Refractive IndicesRefractive Indices

•• Available refractive indices for stratospheric Available refractive indices for stratospheric 
aerosolsaerosols

Water iceWater ice
•• Warren, Warren, ApplAppl. Opt.. Opt., , 2323(8), 1206, (1984)(8), 1206, (1984)

•• Clapp, Clapp, et al.et al., , J. Chem. Phys.J. Chem. Phys., , 9999, 6317, (1995), 6317, (1995)

•• RajaramRajaram, , et al.et al., , ApplAppl. Opt.. Opt., , 4040(25), 4449, (2001) and (25), 4449, (2001) and 
references thereinreferences therein

Nitric acid Nitric acid dihydrate dihydrate (NAD)(NAD)
•• ToonToon, , et al.et al., , J.J. GeophysGeophys. Res.. Res., , 9999, 25631, (1994), 25631, (1994)

•• NiedzielaNiedziela, , et al.et al., , J. Phys. Chem. AJ. Phys. Chem. A, , 102102(32), 6477, (32), 6477, 
(1998)(1998)



Refractive IndicesRefractive Indices

•• Available refractive indices for Available refractive indices for 
stratospheric aerosolsstratospheric aerosols

Nitric acid Nitric acid trihydrate trihydrate (NAT)(NAT)
•• RichwineRichwine, , et al.et al., , GeophysGeophys. Res. . Res. LettLett.., , 2222, , 
2625, (1995)2625, (1995)

•• ToonToon, , et al.et al., , J.J.GeophysGeophys. Res.. Res., , 9999, 25631, , 25631, 
(1994)(1994)



More Complex SystemsMore Complex Systems

•• The materials discussed thus far are The materials discussed thus far are 
either pure or have a fixed compositioneither pure or have a fixed composition

•• This is definitely not true for everything This is definitely not true for everything 
in the atmospherein the atmosphere

•• The case of sulfuric acidThe case of sulfuric acid
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Sulfuric AcidSulfuric Acid

•• Additional studies on the freezing Additional studies on the freezing 
characteristics of sulfuric acid aerosols have characteristics of sulfuric acid aerosols have 
been performedbeen performed

Bertram, Bertram, et al.et al., , J. Phys. Chem.J. Phys. Chem., , 100100, 2376, 2376--2383, 2383, 
(1996)(1996)

Anthony, Anthony, et al.et al., , GeophysGeophys. Res. . Res. LettLett.., , 2222, 1105, 1105--
1108, (1995)1108, (1995)

•• Studies show that spectra are highly sensitive Studies show that spectra are highly sensitive 
to temperature and water vaporto temperature and water vapor



Sulfuric AcidSulfuric Acid

•• Can existing refractive indices be used Can existing refractive indices be used 
to model sulfuric acid aerosols?to model sulfuric acid aerosols?

Palmer and Williams, Palmer and Williams, ApplAppl. Opt.. Opt., , 1414, 208, 208--
219, (1975)219, (1975)

Pinkley Pinkley and Williams, and Williams, J. Opt. Soc. Am.J. Opt. Soc. Am., , 6666, , 
122122--124, (1976)124, (1976)

RemsbergRemsberg, , et al.et al., , J. Chem. Eng. DataJ. Chem. Eng. Data, , 1919, , 
263263--265, (1974)265, (1974)
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Sulfuric AcidSulfuric Acid

•• The answer is no (not entirely)!The answer is no (not entirely)!

•• Collect refractive index sets for a Collect refractive index sets for a 
number of different sulfuric acid number of different sulfuric acid 
compositions at different temperaturescompositions at different temperatures

NiedzielaNiedziela, , et al.et al., , J. Phys. Chem. AJ. Phys. Chem. A, , 
103103(40), 8030(40), 8030--8040, (1999)8040, (1999)
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Sulfuric AcidSulfuric Acid

•• Composition determinationComposition determination

TDL spectroscopyTDL spectroscopy

Thermodynamic model of Thermodynamic model of CarslawCarslaw, , et al.et al., , 
J. Phys. Chem.J. Phys. Chem., 99, 11557, 99, 11557--11574, (1995)11574, (1995)

•• Other refractive index dataOther refractive index data

Sulfuric acid at 215 KSulfuric acid at 215 K
•• Tisdale, Tisdale, et al.et al., , J. J. GeophysGeophys. Res.. Res., , 103103(D19), (D19), 
2535325353--25370, (1998)25370, (1998)



Other SystemsOther Systems

•• Ternary systemsTernary systems
BiermannBiermann, , et al.et al., , J. Phys. Chem. AJ. Phys. Chem. A, , 104104, , 
782782--793, (2000)793, (2000)

Krieger, Krieger, et al.et al., , ApplAppl. Opt.. Opt., , 3939(21), 3691(21), 3691--
3703, (2000)3703, (2000)

Norman, Norman, et al.et al., in preparation, (2001), in preparation, (2001)

•• Supercooled Supercooled nitric acid aerosolsnitric acid aerosols
Norman, Norman, et al.et al., , J. J. GeophysGeophys. Res.. Res., , 
104104(D23), 30571(D23), 30571--30584, (1999)30584, (1999)



ApplicationsApplications

•• Uptake of nitric acid by ice particlesUptake of nitric acid by ice particles
AroraArora, , et al.et al., , GeophysGeophys. Res. . Res. LettLett.., , 2626(24), 3621(24), 3621--
3624, (1999)3624, (1999)

•• Supercooling Supercooling studies of nitric acid aerosolsstudies of nitric acid aerosols
Bertram, Bertram, et al.et al., , J. J. GeophysGeophys. Res.. Res., , 105105(D7), 9283(D7), 9283--
9290, (2000)9290, (2000)

•• Aerosol volume vertical profilesAerosol volume vertical profiles
ElderingEldering, , et al.et al., , ApplAppl. Opt.. Opt., , 4040(18), 3082(18), 3082--3091, 3091, 
(2001)(2001)



Organic SystemsOrganic Systems

•• A total lack of refractive index dataA total lack of refractive index data

•• Sutherland, Sutherland, et al.et al., , Aerosol Aerosol SciSci. Tech.. Tech., , 
2020, 62, 62--70, (1994)70, (1994)

12 sets for 12 sets for terpenesterpenes and and PAH’sPAH’s

Data is lostData is lost

•• Apply the aerosol refractive index Apply the aerosol refractive index 
retrieval technique to organic systemsretrieval technique to organic systems
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Detection of BiomaterialsDetection of Biomaterials

•• Is it possible to use spectroscopic Is it possible to use spectroscopic 
methods to detect airborne bacteria?methods to detect airborne bacteria?

•• Advanced warning at safe distancesAdvanced warning at safe distances

•• As with other remote sensing As with other remote sensing 
applications, optical properties are applications, optical properties are 
neededneeded



Detection of BiomaterialsDetection of Biomaterials

•• What assumptions can we make?What assumptions can we make?

Solid geometry (e.g., spherical or not)Solid geometry (e.g., spherical or not)

HomogeneityHomogeneity

Refractive indicesRefractive indices

•• IR spectral extinction of IR spectral extinction of bacillus bacillus subtilis subtilis 
var. var. nigerniger

K.P. K.P. GurtonGurton, D. , D. LigonLigon, and R. , and R. KvavilashviliKvavilashvili, , 
ApplAppl. Opt.. Opt., , 4040(25), 4443, (2001)(25), 4443, (2001)
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From Milham and Querry 
(unpublished).  See D.F. 
Flannigan, Tech. Rep. 
ERDEC-TR-416 (Edgewood 
Research, Development, and 
Engineering Center, 
Aberdeen Proving Ground, 
Aberdeen, MD 1997), 
Appendix B





Sum marySum mary

•• Aerosol spectroscopy can be used for Aerosol spectroscopy can be used for 
many applicationsmany applications

From particle sizing…From particle sizing…

… to refractive index retrievals… to refractive index retrievals

•• Future focusFuture focus

Tropospheric Tropospheric aerosolsaerosols
•• MultiMulti--component systemscomponent systems

•• How far can we extend spectroscopic How far can we extend spectroscopic 
techniques?techniques?
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